We study the γ-ray emissions from an outer-magnetospheric gap around a rotating neutron star. Migratory electrons and positrons are accelerated by the electric field in the gap to radiate copious γ-rays via curvature process. Some of these gamma-rays materialize as pairs by colliding with the X-rays in the gap, leading to a pair production cascade. Imposing a gap closure condition that a single pair produces one pair in the gap on average, we explicitly solve the strength of the acceleration field and demonstrate how the peak energy and the luminosity of the curvature-radiated, GeV photons depend on the strength of the surface blackbody and the power-law emissions. Some predictions on the GeV emission from twelve rotation-powered pulsars are presented. We further demonstrate that the expected pulsed TeV fluxes are consistent with their observational upper limits. An implication of high-energy pulse phase width versus pulsar age, spin, and magnetic moment is discussed.
Introduction
The EGRET experiment on the Compton Gamma Ray Observatory has detected pulsed signals from six rotation-powered pulsars (e.g., Nolan et al. 1996 , and references therein): Crab, Vela, Geminga, PSR B1706-44, PSR B1055-52, and PSR B1951+32, with PSR B0656+14 being a possible detection (Ramanamurthy et al. 1996) . The modulation of the γ-ray light curves at GeV energies testifies to the production of γ-ray radiation in the pulsar magnetospheres either at the polar cap (Harding, Tademaru, & Esposito 1978; Daugherty & Harding 1982 Dermer & Sturner 1994; Sturner, Dermer, & Michel 1995; Shibata, Miyazaki, & Takahara 1998; Miyazaki & Takahara 1997 ; also see Scharlemann, Arons, & Fawley 1978 for the slot gap model), or at the vacuum gaps in the outer magnetosphere (Chen, Ho, & Ruderman 1986a,b, hereafter CHR; Chiang & Romani 1992 Romani and Yadigaroglu 1995; Romani 1996; Cheng & Zhang 1999) . Effective γ-ray production in a pulsar magnetosphere may be extended to the very high energy (VHE) region above 100 GeV as well; however, the predictions of fluxes by the current models of γ-ray pulsars are not sufficiently conclusive (e.g., Cheng 1994 ). Whether or not the spectra of γ-ray pulsars continue up to the VHE region is a question which remains one of the interesting issues of high-energy astrophysics.
In the VHE region, positive detections of radiation at a high confidence level have been reported from the direction of the Crab, B1706-44, and Vela pulsars (Bowden et al. 1993; Nel et al. 1993; Edwards et al. 1994; Yoshikoshi et al. 1997 ; see also Kifune 1996 for a review), by virtue of the technique of imaging Cerenkov light from extensive air showers. However, as for pulsed TeV radiation, only the upper limits have been, as a rule, obtained from these pulsars (see the references cited just above). If the VHE emission originates the pulsar magnetosphere, rather than the extended nebula, significant fraction of them can be expected to show a pulsation. Therefore, the lack of pulsed TeV emissions provides a severe constraint on the modeling of particle acceleration zones in a pulsar magnetosphere.
In fact, in CHR picture, the magnetosphere should be optically thick for pair production in order to reduce the TeV flux to an unobserved level by absorption. This in turn requires very high luminosities of tertiary photons in the infrared energy range. However, the required fluxes are generally orders of magnitude larger than the observed values (Usov 1994) . We are therefore motivated by the need to contrive an outer gap model which produces less TeV emission with a moderate infrared luminosity.
High-energy emission from a pulsar magnetosphere, in fact, crucially depends on the acceleration electric field, E , along the magnetic field lines. It was Hirotani & Shibata (1999a,b;  hereafter Paper I, II) who first solved the spatial distribution of E together with particle and γ-ray distribution functions. They explicitly demonstrated that there is a stationary solution for an outer gap which is formed around the null surface at which the local Goldreich-Julian charge density
vanishes, where B z is the component of the magnetic field along the rotation axis, Ω refers to the angular frequency of the neutron star, ̟ indicates the distance of the point from the rotation axis, and c is the speed of light. Subsequently, Hirotani (1999, hereafter Paper IV) investigated the γ-ray emission from an outer gap, by imposing a gap closure condition that a single pair produces one pair in the gap on average. He demonstrated that E becomes typically less than 10% of the value assumed in CHR and that the resultant TeV flux is sufficiently less than the observational upper limit of the pulsed flux, if the outer gap is immersed in a X-ray field supplied by the blackbody radiation from the whole neutron star surface and/or from the heated polar caps. In this paper, we develop his method to the case when a magnetospheric power-law component contributes in addition to the blackbody components.
In the next section, we formulate the gap closure condition. Solving the condition in §3, we investigate the acceleration field and the resultant γ-ray emissions as a function of the X-ray field. In §4, we further apply the theory to eleven rotation-powered pulsars and demonstrate that the fluxes of TeV emission are consistent with the observed upper limits of the pulsed fluxes. In the final section, we discuss the validity of assumptions and give some implications on pulse profiles of GeV emissions.
Electrodynamic structure of the gap
We first describe the acceleration field in §2.1, then consider the energy of curvature-radiated γ-rays in §2.2, the X-ray field illuminating the gap in §2.3 and the pair production mean free path in §2.4. We further formulate in §2.5 the gap closure condition that one of the copious γ-rays emitted by a single pair materialize as a pair in the gap on average. We finally present the resultant γ-ray properties in § §2.6 and 2.7.
Acceleration Field in the Gap
In this paper, we consider an outer gap in the following rectilinear coordinate: x is an outwardly increasing coordinate along the magnetic field lines, while z is parallel to the rotational axis. We define x = 0 to be the intersection between the last open field line and the null surface where B z = 0 ( fig. 1 ). Supposing the magnetic fields to be straight lines along x, and approximating the null surface by z axis, we can Taylor-expand ρ GJ around x = 0 to obtain the following Poisson equation for the noncorotational potential, Φ: Integrating equation (2), we obtain the acceleration field E (x) ≡ −dΦ/dx = E (0) − 2πAx 2 , where E (0) refers to the value of E at x = 0. Defining the boundaries of the gap to be the places where E vanishes, we obtain E (0) = 2πAH 2 . It is noteworthy that the non-vanishment of dE /dx at x = ±H is consistent with the stability condition at the plasmavacuum interface if the electrically supported magnetospheric plasma is completely-charge-separated, i.e., if the plasma cloud at x < −H is composed of electrons alone (Krause-Polstorff & Michel 1985a,b) . We assume that the Goldreich-Julian plasma gap boundary is stable with E = 0 on the boundary, x = −H.
We can now evaluate the typical strength of E by averaging its values throughout the gap as follows:
We shall use thisĒ as a representative value of the acceleration field in the gap. Defining the nondimensional gap width h ≡ H/̟ LC and substituting the values of A, we obtain
where C E = 3.61 × 10 10 for α i = 30
• , and 1.39 × 10 11 for α i = 45
• .
The voltage drop in the gap is given by
For an outer gap which extends to the light cylinder (H ∼ 0.5̟ LC ), V gap becomes as large as the available electromotive force (EMF) exerted on the spinning neutron star surface, V * ≈ 10 15 (Ω 2 /0.5) 2 µ 30 V.
Energy of curvature-radiated γ-rays
The most effective assumption for the particle motion in the gap arises from the fact that the velocity saturates immediately after their birth in the balance between the radiation reaction force and the electric force. The reaction force is mainly due to curvature radiation if the gap is immersed in a moderate X-ray field. Equating the electric force eE and the radiation reaction force, we obtain the Lorentz factor of saturated particles as follows:
where R c and e refers to the curvature radius of the magnetic field line and the magnitude of the charge on the electron.Γ is related with h ≡ H/̟ LC bȳ
where C Γ = 9.59 × 10 7 for α i = 30
• , and 1.34 × 10 9 for α i = 45
However, if the gap width H is less than the length scale for the particles to be accelerated up toΓ, the typical Lorentz factor should be rather estimated by eE H/m e c 2 , because typical particles are accelerated by the potential V gap /2 = E H. Therefore, we can evaluate the Lorentz factor as
Using this Γ, we obtain the central energy of curvature radiation,
whereh is the Planck constant divided by 2π. In this paper, we adopt the gray approximation in the sense that all the γ-rays are radiated at energy E c . In the final section of Paper IV, we demonstrated that this gray approximation gave a good estimate of the gap width and other quantities describing the gap, by comparing them with those obtained in the nongray cases in which the Boltzmann equations of particles and γ-rays were solved together with the Poisson equation for Φ.
X-ray field
Before proceeding to the discussion on pair production mean free path, it is desirable to describe the X-ray field that illuminates the outer gap. X-ray field of a rotation-powered neutron star within the light cylinder can be attributed to the following three emission processes: (1) Photospheric emission from the whole surface of a cooling neutron star (Greenstein & Hartke 1983; Romani 1987; Shibanov et al. 1992; Pavlov et al. 1994; .
(2) Thermal emission from the neutron star's polar caps which are heated by the bombardment of relativistic particles streaming back to the surface from the magnetosphere (Kundt & Schaaf 1993; Gil & Krawczyk 1996) . (3) Non-thermal emission from relativistic particles accelerated in the pulsar magnetosphere (Ochelkov & Usov 1980a,b; El-Gowhari & Arponen 1972; Aschenbach & Brinkmann 1974; Hardee & Rose 1974; Daishido 1975) .
The spectrum of the first component is expected to be expressed with a modified blackbody. However, for simplicity, we approximate it in terms of a Plank function with temperature kT s , because the X-ray spectrum is occasionally fitted by a simple blackbody spectrum. We regard a blackbody component as the first one if its observed emitting area is comparable with the whole surface of a neutron star, A * ≡ 4πr * 2 , where r * denotes the neutron star radius. We take account of both the pulsed and the non-pulsed surface blackbody emission as this soft blackbody component.
As for the second component, we regard a blackbody component as the heated polar cap emission if its observed emitting area is much smaller than A * . We approximate its spectrum by a Planck function. We take account of both the pulsed and the non-pulsed polar cap emission as this hard blackbody component.
Unlike the first and the second components, a power-law component is usually dominated by a nebula emission. To get rid of the nebula emission, which illuminates the outer gap inefficiently, we adopt only the pulsed components of a power-law emission as the third component.
Pair Production Mean Free Path
In this subsection, we draw attention to how the pair production mean free path is related with the X-ray field described in the previous section. To this end, we first give the threshold energy for X-ray photons to materialize. Then, we consider the mean free path for a γ-ray photon to materialize as a pair in a collision with one of the soft blackbody X-rays in § 2.4.2, the hard blackbody ones in § 2.4.3, and the magnetospheric, power-law X-rays in § 2.4.4. We finally summarize how the real mean free path should be computed under the existence of these three X-ray components in § 2.4.5.
Threshold Energy
The threshold energy for a soft photon to materialize as a pair in a collision with the γ-ray having energy m e c 2 ǫ γ = E c , is given by
where µ c refers to the cosine of the three-dimensional collisional angle between the X-ray and the γ-ray. The lower bould of 2/(1 − µ c ) is unity, which is realized if the two photons head-on collide.
To evaluate µ c , we must consider γ-ray's toroidal momenta due to aberration. At the gap center, the aberration angle φ abb is given by tan −1 (r 0 sin θ 0 /̟ LC ). In the case of α i = 30
• , we obtain φ abb = 20.4
• . The collisional angle on the poloidal plane then becomes θ c = 90
• − θ 0 = 21.6
• (or θ c = 90
• ) for outwardly (or inwardly) propagating γ-rays, where θ 0 is computed by equation (5). Therefore, we obtain µ c = cos φ abb sin θ c = ±0.345, where the upper and the lower sign correspond to the outwardly and inwardly propagating γ-rays, respectively. On the other hand, in the case of α i = 45
• , we have φ abb = 14.0
• and θ c = 15.6
• (or θ c = 164.3 • ) to obtain µ c = ±0.262.
Soft Blackbody Component
We first consider the pair production mean free path, λ s , for a γ-ray photon to materialize in a collision with one of the soft blackbody X-rays. In a realistic outer gap, both the outwardly and inwardly propagating γ-rays contribute for λ s . Therefore, λ s is given by an arithmetic average of these two contributions as follows (Paper IV):
where the pair production cross section is given by (Berestetskii et al. 1989 )
σ T is the Thomson cross section, and ǫ x ≡ E x /m e c 2 refers to the non-dimensional energy of an X-ray photon. We may notice here that the non-dimensional threshold energy (E th /m e c 2 ) appears in the lower bound of the integral in equation (15).
The number density of soft X-rays between energies m e c 2 ǫ x and m e c 2 (ǫ x +dǫ x ) at a position x is given by the Planck law
(17) Here, the value of dN s /dǫ x at x = 0 is given by the Planck formula
where A s indicates the observed emission area of the soft blackbody; ∆ s is defined by
where kT s refers to the soft blackbody temperature measured by a distant observer. Since the outer gap is located outside of the deep gravitational potential well of the neutron star, the photon energy there is essentially the same as the distant observer measures. The first (or the second) term in equation (15) represents the contribution from the outwardly (or inwardly) propagating γ-rays; For α i = 30
• , we adopt µ c = 0.345, whereas for 45
• , µ c = 0.262. The weight κ reflects the ratio of the fluxes between the outwardly and inwardly propagating γ-rays. For example, if κ were to be 1.0, only outwardly propagating γ-rays would contribute for the pair production. From Paper III, we know that the flux of the outwardly propagating γ-rays is typically about ten times larger than the inwardly propagating ones. In what follows, we thus adopt κ = 0.9. This value of κ was justified in the final section of Paper IV.
Hard Blackbody Component
In this subsection, let us consider the case when the X-ray field is dominated by the hard blackbody component. In the same manner as the soft blackbody component, the hard blackbody component gives the following mean free path for pair production: (20) where µ c takes the same value as the soft-blackbodydominated case and κ = 0.9. The number density of hard X-rays between energies m e c 2 ǫ x and m e c 2 (ǫ x + dǫ x ) at a position x is given by the Planck law
where
A h is the observed emission area of the hard-blackbody emission. ∆ h is defined by
where kT h refers to the hard blackbody temperature measured by a distant observer.
Power-law Component
Since the secondary and the tertiary photons emitted outside of the gap via synchrotron process will be beamed in the same direction of the primary γ-rays, the typical collision angle can be approximated as h ≡ H/̟ LC rad. It follows that the mean free path corresponding to the power-law emission becomes
dN pl /dǫ x refers to the number density of the powerlaw X-rays between energies m e c 2 ǫ γ and m e c 2 (ǫ γ + dǫ γ ). The dependence of dN pl /dǫ γ on x is unknown; therefore, we simply assume that it is constant throughout the gap and specify the form as
The photon index α is typically between −2 and −1 for a pulsed, power-law X-ray component in hard Xray band (e.g., Saito 1998). It is noteworthy that λ pl is independent of x provided that dN pl /dǫ x is constant for x.
Pair Production Mean Free Path
The true mean path, λ p , is determined by the component that dominates the X-ray field, or equivalently, the smallest one among λ s , λ h , and λ pl . Therefore, we can reasonably evaluate λ p as
When a pulsar is young, the third term will dominate because of its strong magnetospheric emission. As the pulsar evolves, the first term will become dominant owing to the efficient cooling from the star surface. However, as the pulsar evolves further, polar cap heating due to particle bomberdment begins to dominate; therefore, the second term becomes important.
Gap Closure
The gap width 2H is adjusted so that a single pair produces copious γ-ray photons (of number N γ ) one of which materializes as a pair on average. Since a typical γ-ray photon runs the length H in the gap before escaping from either of the boundaries, the probability of a γ-ray photon to materialize within the gap, N γ −1 , must coincide with the optical depth for absorption, H/λ p . Considering the position dependence of λ p on x, we obtain the following gap closure condition:
Here, λ p is given by equation (27). Substituting equations (17), (21), and (27) into (28), we obtain
where λ s,0 and λ h,0 refer to the values of λ s and λ h at x = 0, and
(31) For a very thin gap (h = H/̟ LC ≪ 1), I(h) approaches to unity. Combining equations (27), (30), and (29), we finally obtain the equation which describes h ≡ H/̟ LC as a function of B 5 , Ω 2 , kT s , A s , kT h , and A h . Once h is solved, other quantities such asĒ , Γ, E c can be computed straightforwardly.
Luminosity of GeV emissions
Let us first consider the luminosities of curvatureradiated γ-rays. The luminosity, L GeV , can be estimated by multiplying the total number of positrons and electrons in the gap, N e , the number of γ-rays emitted per particle per unit time, N γ /(H/c), and γ-ray energy, E c . Supposing the conserved current density is χcρ GJ = χ(ΩB/2πe), and assuming that the gap exists π(H/̟ LC ) rad in the azimuthal direction, we obtain
where D ⊥ is the transfield thickness of the gap on the poloidal plane. The distance of the center of the gap from the rotation axis, r 0 sin θ 0 , becomes 0.370̟ LC for α i = 30
• , and 0.250̟ LC for α i = 45
• . The strength of magnetic field at the gap center can be given by
Ω 2 3 µ 30 .
(33) As discussed in §2.4 in Paper IV, we adopt χ = 0.1 and D ⊥ = 0.3̟ LC as typical values in this paper.
From equations (29) and (13), we obtain
where Γ is given by equation (12). If Γ is saturated, equation (10) or (11) gives
where C GeV = 1.19×10 39 for α i = 30
• , and 1.20×10
40
for α i = 45
Luminosity of TeV emissions
The relativistic particles produce γ-rays mainly via curvature radiation as described in the preceding sections. However, even though energetically negligible, it is useful to draw attention to the TeV γ-rays produced via inverse-Compton (IC) scatterings.
We should notice here that it is the infrared photons with energy ∼ 0.1 eV that contribute most effectively as the target photons of IC scatterings. Neither the higher energy photons like surface blackbody Xrays nor the lower energy photons like polar-cap radio emission contribute as the target photons, because they have either too small cross sections or too small energy transfer when they are scattered. On these grounds, we obtain the following upper bound for the luminosity of the IC-scattered γ-rays:
where L 30 refers to the luminosity of infrared photons that can be scattered up to TeV energy range in the unit of 10 30 ergs s −1 . The inequality comes from the fact that the scattered γ-rays cannot have energies greater than Γm e c 2 .
The νF ν flux of IC-scattered γ-rays, (νF ν ) TeV An analogous relation holds for an infrared flux, (νF ν ) 0.1eV , if the infrared luminosity, L 0.1eV , is emitted in a solid angle ω 0.1eV ster. We thus obtain the flux ratio
Since we take the ratio of νF ν flux at two different energies, the uncertainties arising from the distance disappears on the right-hand side. It follows from equation (38) that the ratio becomes at most 10 3 in order of magnitude, because χ(D ⊥ /̟ LC ) < 1, h < 0.5, and Γ ∼ 10 7.5 hold in general.
X-ray field vs. γ-ray emission
Before proceeding to an application to individual pulsars, it will be useful to investigate the general properties of γ-ray emission as a function of the Xray field illuminating the gap. To this aim, we first demonstrate how the gap width h ≡ H/̟ LC depends on the X-ray field in §3.1, by solving the gap closure condition (30). We then present the energies and the luminosities of the curvature-radiated and the ICscattered γ-rays in §3.2. Throughout this section, we adopt Ω 2 = 0.5, µ 30 = 3.0, A s = A * ≡ 4πr * 2 , kT h = 200eV, α = −1.5, ǫ min = 0.1keV/511keV = 0.00020, and ǫ max = 100keV/511keV = 0.20.
Gap width
The results of the gap half width divided by the light cylinder radius are presented in figure 2 . The abscissa is kT s in eV. The model parameters of the X-ray field for the six curves are summarized in table 1. For the three thick curves, the hard blackbody component is not included (i.e., A h = 0). The thick solid, dashed, and dotted curves correspond to N pl = 0, 10 10 , 10 16 , respectively. Therefore, the thick solid curve corresponds to the least dense X-ray field thereby gives the greatest h ≡ H/̟ LC for a specific value of kT s . For the three thin curves, on the other hand, N pl is set to be 0, so that the power-law component does not contribute. The thin solid, dashed, and dotted curves correspond to A h /A * = 10 −4 , 10 −3 , 10 −2 , respectively.
First of all, it follows from the figure that H (or equivalently h for a fixed Ω) is a decreasing function of kT s . The reason is as follows: If kT s increases, the number density of target soft photons above threshold energy N s (E > E th ) increases for a fixed value of E th . The increased N s (E > E th ) results in the decrease of λ p , which reduces H (eq. [30]). Accurately speaking, the reduced H results in a decrease of E and hence E c , thereby increases E th . The increased E th decreases N s (E > E th ) to partially cancel the initial decrease of λ p . In addition, the reduction of H implies the reduction of the emitting length for a particle, thereby decreases N γ and partially cancel the initial decrease of H (see eq.
[30]). Nevertheless, both of the two effects are passive; therefore, the nature of the decrease of H with increasing kT s is unchanged.
The second thing to note is that h decreases with increasing A h , as indicated by the three thin curves in figure 2. This is because when A h increases the number density of the hard blackbody component, N h (E x > E th ), increases. This in turn leads to the decrease of λ p , which results in the decrease of h. If A H is as small as 10 −4 A * (the thin solid line), the Xray field is dominated by the power-law component only in the small kT s range; this can be understood because the thin solid line significantly deviates from the thick solid line at kT s < 30eV. However, if A h is as large as 10 −2 (the thin dotted line), the X-ray field is dominated by the hard blackbody component up to very high kT s (∼ 100eV).
The third thing is that h decreases with increasing N pl . For a very strong magnetospheric emission (the thick dotted line), h becomes not more than 0.1.
In short, the gap width is a decreasing function of of the X-ray number density, regardless of the component that dominates the X-ray field.
Gamma-ray Luminosities
Let us now consider the luminosities of the curvatureradiated γ-rays. Substituting the results of h into (34), we obtain L GeV ; in figure 3, we present the results for χ = 0.1 and D ⊥ = 0.3̟ LC . It follows from this figure that L GeV is a decreasing function of the X-ray number density, regardless of the component that dominates the X-ray field. This is because the increase of the target X-ray photons results in the decreases of H.
We next present the expected ratio of the TeV and the infrared fluxes in figure 4, by using equation (38) . It follows that the νF ν flux of TeV emission will not exceed 10
11 Jy Hz for a typical infrared flux (< 10 9 Jy Hz). Therefore, we can conclude that the pulsed TeV emission from rotation-powered pulsars could not be detected by the current ground-based telescopes.
Application to Individual Pulsars
In this section, we apply the theory to the eleven rotation-powered pulsars of which X-ray field at the outer gap can be deduced from observations. We first describe their X-ray field as input parameters in the next subsection, and present resultant GeV and TeV emissions from individual pulsars in §4.2 and 4.3.
Input X-ray field
We present the observed X-ray properties of individual pulsars in order of spin-down luminosity,Ė rot (table 2) . We assume ǫ min = 0.1keV/511keV and ǫ max = 100keV/511keV for homogeneous discussion. Crab From HEAO 1 observations, its X-ray field is expressed by a power-law with α = −1.81 ± 0.02 in the primary pulse (P1) phase (Knight 1982) . From the nebula and background subtracted counting rates, its normalization factor of this power-law emission becomes N pl = 2.0 × 10 17 d 2.49 2 , where d x refers to the distance normalized by x kpc. B0540-69 From ASCA observations in 2-10 keV band, its X-ray radiation is known to be well fitted by a power-law with α = −2.0. The unabsorbed luminosity in this energy range is 1.3 × 10 36 erg s −1 , which leads to N pl = 1.4 × 10 14 d 50 2 (Saito 1998 ). B1509-58 From ASCA observations in 2-10 keV band, its pulsed emission can be fitted by a powerlaw with α = −1.1. The unabsorbed flux in this energy range is 2.9 × 10 −11 erg/cm 2 /s, which leads to N pl = 1.1 × 10 14 d 4.4 2 . J1617-5055 and J0822-4300 These two pulsars have resemble parameters such as Ω ∼ 90 rad s −1 , µ ∼ 10 30.6 G cm 3 , and characteristic age τ ∼ 8 × 10 3 yr. From the ASCA observations of J1617-5055 in 3.5-10 keV band, its pulsed emission subtracted the background and the steady components can be fitted by a power-law with α = −1.6 (Torii et al. 1998) . Adopting the distance to be 3.3 kpc (Coswell et al. 1975) , we can calculate its unabsorbed flux as 3.1 × 10 −12 erg/cm 2 /s, which yields N pl = 4.5 × 10 12 d 3.3 2 . On the other hand, ROSAT observations revealed that the soft X-ray emission of J0822-4300 is consistent with a single-temperature blackbody model with kT s = 0.28±0.10keV and A s ∼ 0.04A * (Petre, Becker, & Winkler 1996) . In that paper, they also gave alternative model fits to ROSAT PSPC spectrum such as a bremsstrahlung with kT = 0.6keV or a power law with α = 4.3. We do not adopt the latter two models, because only the upper bound of the pulsed fraction (∼ 20%) was reported. The distance of this pulsar (d = 2.2 ± 0.3kpc) was estimated from VLA observations (Reynoso et al. 1995) . Vela From ROSAT observations in 0.06-2.4 keV, the spectrum of its point source (presumably the pulsar) emission is expressed by two components: Surface blackbody component with kT s = 150eV and A s = 0.066A * d 0.5 2 , and a power-law component with α = −3.3. However, the latter component does not show pulsations; therefore, we consider only the former component as the X-ray field illuminating the outer gap. B1951+32 From ROSAT observations in 0.1-2.4 keV, the spectrum of its point source (presumably the pulsar) emission can be fitted by a single power-law component with α = −1.6 and intrinsic luminosity of 2.3 × 10 33 d 2.5 2 erg s −1 (Safi-Harb &Ögelman 1995), which yields N pl = 3.6 × 10 13 d 2.5 2 . The extension of this power-law is consistent with the upper limit of the pulsed component in 2-10 keV energy band (Saito 1998) . B1821-24 From ASCA observations in 0.7-10 keV band, its pulsed emission subtracted the background and the steady components can be fitted by a powerlaw with α = −1.2 (Saito 1997) . The unabsorbed flux in this energy range is 3.5 × 10 −12 erg/cm 2 /s, which leads to N pl = 2.3 × 10 16 d 5.1 2 . B0656+14 Combining ROSAT and ASCA data, Greiveldinger et al. (1996) reported that the Xray spectrum consists of three components: the soft surface blackbody with kT s = 67 eV and A s = 4.5A * d 0.76 2 , a hard blackbody with kT h = 129 eV and A h = 3.2 × 10 −2 A * d 0.76 2 , and a power law with α = −1.5 and N pl = 1.8 × 10 5 d 0.76 2 . The hard blackbody component takes the major role in maintaining the gap, by virtue of its large emitting area. Geminga The X-ray spectrum consists of two components: the soft surface blackbody with kT s = 50 eV and A s = 0.22A * d 0.16 2 and a hard power law with α = −1.6 and N pl = 1.0×10 5 d 0.16 2 (Halpern & Wang 1997) . A parallax distance of 160pc was estimated from HST observations (Caraveo et al. 1996) .
B1055-52
Combining ROSAT and ASCA data, Greiveldinger et al. (1996) reported that the X-ray spectrum consists of two components: a soft blackbody with kT s = 68 eV and A s = 7.3A * d 1.53 2 and a hard blackbody with kT h = 320 eV and A h = 2.3 × 10 −4 A * d 1.53 2 . J0437-4715 Using ROSAT and EUVE data (Becker & Trümper 1993; Halpern et at. 1996) , Zavlin and Pavlov (1998) demonstrated that both the spectra and the light curves of its soft X-ray radiation can originate from hot polar caps with a nonuniform temperature distribution and be modeled by a step-like functions having two different temperatures. The first component is the emission from heated polar-cap core with temperature kT h = 140 +15 −45 eV measured at the surface and with an area A h = (7.2 +32.8 −1.6 × 10 −4 A * . The second one can be interpreted as a cooler rim around the polar cap on the neutron star surface with temperature kT s = 37 +6 −11 eV and with an area A s = (1.4
−2 A * . Considering the gravitational redshift factor of 0.76, the best-fit temperatures observed at infinity become kT s = 28 eV and kT h = 106 eV. From parallax measurements, its distance is reported to be 178 ± 26 pc (Sandhu et al. 1997 ). We adopt d = 180 pc as a representative value.
Curvature-radiated γ-rays
In this subsection, we present the results of GeV emission via curvature process and compare them with observations. The results are presented for the two assumed values of α = 30
• and 45
For Crab, B0540-69, B1509-58, and J1617-5055, the X-ray field is dominated by the power-law component to have high number densities above 10 15 cm −3 . In this case, the gap half widths are less than 6% of ̟ LC . The intrinsic luminosities of these young pulsars in GeV energy range exceed 10 33.4 ergs s −1 . Except for the distant pulsar B0540-69, their GeV fluxes are expected to be large enough to be observed with a space γ-ray telescope.
For the relatively young pulsars J0822-4300 and Vela, the X-ray field is dominated by the surface blackbody component; the number density (N x ) becomes about 10 14 cm −3 . The Lorentz factor is limited by the physical gap width, H, rather than the curvature-radiation reaction, because l acc ∼ H holds.
For the middle-aged pulsar B1951+32, its relatively strong magnetic field at the gap center (B ∼ 10 6.3 G) results in a strong GeV emission like the young pulsars.
The millisecond pulsar B1821-24 has a very strong magnetic field (B ∼ 10 7.3 G) at the gap center. However, its strong (N x ∼ 10 17.5 cm −3 ) X-ray field prevents the gap to extend in the magnetosphere. As a result, L GeV is relatively small compared with other pulsars.
For the three middle-aged pulsars B0656+14, Geminga, and B1055-52, their power-law components are too weak to dominate the surface blackbody emissions; the surface emissions are also weak (N X < 10 14.2 ) to allow the gaps to extend (2H ∼ 0.3̟ LC ). However, the extended gaps do not mean large intrinsic GeV luminosities, because their small magnetic fields (B < 10 4.5 G) suppress the acceleration field. In the case of Geminga, its proximity leads to a large GeV flux.
In the case of the millisecond pulsar J0437-4715, its weak X-ray field (N x < 10 14 cm −3 ) due to the soft and hard blackbody emissions results in an extended gap. This active gap, together with its proximity, leads to a large GeV flux next to Geminga. However, its relatively strong magnetic field (B ∼ 10 6 G) at the gap center may indicate the presence of an additional power-law component, which reduces the gap width and hence the GeV flux. Therefore, further hard X-ray observations are necessary for this millisecond pulsar.
Invisibility of TeV pulses
Reminding that we have been assumed a geometrical thick (D ⊥ = 0.3̟ LC ) and nearly vacuum (χ = 0.1) gap, and setting ω TeV = ω 0.1eV for simplicity, we obtain the upper bounds of the ratio between the TeV and the infrared fluxes. It follows from the eighth column of table 3 that the TeV fluxes are well below the observational upper limits (∼ 10 12 Jy Hz).
It should be noted that an unobserved additional X-ray component results in a further decrease of the gap width and hence the TeV flux. We thus consider that the present TeV fluxes give the firm upper limits.
Discussion
In summary, we have considered the electrodynamic structure of an outer gap accelerator in which relativistic particles emit γ-rays via curvature process. Imposing the gap closure condition that a single pair produces one pair in the gap on average, we can solve the gap width as a function of the X-ray fields and the pulsar parameters. Once the gap width is known, we can further compute the acceleration field and the resultant γ-ray emissions. It has been demonstrated that the luminosities of GeV and TeV emissions are a decreasing function of the X-ray energy and number density. We demonstrated that the expected νF ν fluxes (< 10 11 Jy Hz) of IC-scattered, TeV γ-rays from the outer gaps of rotation-powered pulsars are much less than the observational upper limits. Thus, for a moderate infrared flux (< 10 9 Jy Hz), the difficulty of excessive TeV emission, which appears in the CHR picture, does not arise in the present outer gap model.
The outer gap in the present model is, in fact, stable, regardless of whether the X-ray field is dominated by a surface blackbody or a magnetospheric power-law component. Consider the case when the gap width H slightly increases as an initial perturbation. It increases both E and V gap , which in turn increases both E c and N γ . The increase of E c results in the decrease of E th .
(1) When the surface blackbody dominates the Xray field, the X-ray spectrum and luminosity are un- 40.9 † The Lorentz factors are assumed to be the value that can be attained if particles are accelerated byĒ in length H. changed by the perturbation. Therefore, the decrease of E th implies the decrease of λ 1 or λ 2 and hence λ p .
(2) When the magnetospheric emission dominates, the secondary and tertiary emissions will increase with E c and N γ ; therefore, N pl increases as well. Accordingly, the decrease of E th and the increase of N pl imply a significant decrease of λ 3 and hence λ p . In either case, it follows that λ p decreases owing to the initial increase of H. Reminding the gap closure condition H = λ p /N γ , we find a negative feedback which cancels the initial perturbation of H.
Let us discuss the expected sharpness of GeV pulses. It seems unlikely that the azimuthal width of the gap increases with decreasing H. Therefore, it would be possible to argue that the solid angle in which the primary γ-rays are emitted decreases as the arc of the gap along the last open field line (i.e., 2H) decreases. On these grounds, we can expect a sharp pulse when h ≪ 1 holds, such as for Crab and J0822-4300.
Qualitatively speaking, the same conclusion can be expected for millisecond pulsars and magnetars. In the case of a millisecond pulsar, its fast rotation shrinks the light cylinder. In such a small-volume magnetosphere, the outer gap is immersed in a dense magnetospheric, power-law X-ray emission. As a result, λ p decreases to reduce h. In the case of a magnetar, its strong magnetic field makes the expansion coefficient A in equation (2) be large. Therefore, a very thin (h ≪ 1) gap with a strong E would be expected. In short, for young pulsars, millisecond pulsars, and magnetars, their high-energy pulsations are expected to show sharp peaks.
We now briefly discuss the influence of the cyclotron resonance scatterings. For one thing, the soft blackbody emission from the whole surface may be scattered to be anisotropic (Daugherty & Harding 1989) . Such effects are important for polar cap models, because the collision angles (cos −1 µ c ) suffer significant corrections. Nevertheless, in an outer gap, such corrections are negligibly small. Moreover, the cyclotron resonance increases the effective emitting area and decreases the temperature. For simplicity, we neglect these two effects in this paper, because they cancel each other. For example, the decreased temperature results in a decrease of the target photons above a certain threshold energy for pair production. On the other hand, the increased emitting area increases the number of target photons above the threshold, thereby cancel the effect of the decreased temperature. What is more, the hard blackbody emission from the heated polar caps may be scattered to be smeared out. That is, most of the hard X-rays may be scattered back to the stellar surface owing to cyclotron resonance scatterings and reemitted as soft X-rays (Halpern & Ruderman 1993) . In this case, the hard component will be indistinguishable with the original soft component due to the neutronstar cooling. Nevertheless, for older pulsars such as B0656+14 and B1055-52, these effect seems to be ineffective probably due to their less dense electrons around the polar cap near the neutron star surface.
Let us discuss the case when the assumption of the vacuum gap breaks down. In this case, the charges in the gap partially cancel the original E obtained in the vacuum gap (eq. [2]). The partially screened E results in the decrease of the TeV fluxes. Therefore, we can regard the TeV fluxes presented in the present paper as the firm upper limits.
Finally, we point out the difference between the present work and Zhang and Cheng (1997); they considered a gap closure condition so that the curvatureradiated γ-ray energy may be adjusted just above the threshold of pair production. That is, they considered the γ-ray energy to be about E γ,ZC ≡ (m e c 2 ) 2 /E x , where E x refers to the characteristic X-ray energy. By equating E γ,ZC with the central energy of curvature radiation (eq. [13] in our notation), they closed the equations. When the soft (or hard) blackbody emission dominates, E x can be approximated by 3kT s (or 3kT h ).
The model of Zhang and Cheng (1997) is, in fact, qualitatively consistent with our gap closure condition, provided that the X-ray are supplied by the soft or hard blackbody emission. More specifically, our model gives about 2 times larger characteristic γ-ray energy compared with their model. To see this, we present in figure 5 the ratio between E c computed from equation (13) and E γ,ZC ; the hard blackbody or the power-law components are not considered in this calculation. The abscissa indicates the soft blackbody temperature, kT s . For the three thick curves, Ω 2 is fixed at 0.5; the solid, dashed, and dotted lines corresponds to µ 30 = 1.0, 3.0, and 0.3, respectively. For the two thin curves, on the other hand, µ 30 is fixed at 1.0; the dashed and dotted curves corresponds to Ω 2 = 1.0 and 0.25, respectively. At small kT s , our model gives more than twice greater γ-ray energy compared with Zhang and Cheng (1997) ; nevertheless, the difference is not very prominent.
It should be noted, however, that the spectra of the X-ray radiation are explicitly considered in our present model in the sense we perform the integration over X-ray energies in equations (15), (20), and (24) and that the additional, power-law component is considered in our present model.
It would be interesting to investigate the back reaction of the accelerated particles on the polar cap heating, which was deeply investigated by Zhang and Cheng (1997) . Consider the case when the voltage drop in the gap approaches the surface EMF, V * . Such an active gap will supply copious relativistic primary particles to heat up the polar cap due to bombardment. The resultant hard blackbody emission supplies target photons for pair production to make the realistic solution deviate from the thick solid curve and approach thin curves at small kT s ( fig. 2 ). Therefore, this sort of back reaction on the X-ray field due to the relativistic particles needs further consideration.
Fig. 5.-The ratio between E c computed from equation (13) and E γ,ZC (see text). Neither the hard blackbody nor the power-law components are considered. X-rays are supplied by the whole surface blackbody emission; the abscissa refers to the temperature, kT s .
